Center-of-mass frame scattering angle distributions obtained directly from crossed molecular beam velocity map images are reported for HCl formed in different rotational levels of its vibrational ground state by reaction of Cl atoms with CH 3 OH and CH 3 OCH 3 . Products are observed to scatter over all angles, with peaks in the distribution in the forward and backward directions (ϭ0 and 180°with respect to the relative velocity vectors of the Cl atoms͒. Products of both reactions exhibit differential cross sections that vary with the rotational quantum number of the HCl, with a greater propensity for forward scatter for Jϭ2, shifting to more pronounced backward scatter for Jϭ5. This trend is, however, more evident for reaction of dimethyl ether than for methanol. The mean fractions of the available energy channeled into product kinetic energy vary with scattering angle, but the angle-averaged fractions are, respectively, 0.37 and 0.42 for the methanol and dimethyl ether reactions. On average, 46% or more of the available energy of the reactions becomes internal energy of the radical co-product. Results are interpreted with the aid of computed energies of transition states and molecular complexes along the reaction pathways, and comparisons are drawn with recent measurements of the scattering distributions and energy release for reactions of Cl atoms with small alkanes.
I. INTRODUCTION
The dynamics of reactions of polyatomic molecules are now being subjected to increasing scrutiny as experimental and theoretical methods develop that provide the level of detailed exploration that has been so successful in unravelling the dynamics of prototypical 3-atom reactions. [1] [2] [3] In particular, the H-atom abstraction reactions of alkanes and functionalized organic molecules with oxygen and halogen atoms have proved to be a fertile source of dynamical insights. 4 -12 Recent velocity map imaging measurements of the scattering distributions and internal energies of the products of reactions of O( 3 P) with alkanes 13 and Cl atoms with alcohols 9 revealed the extent of internal excitation of the polyatomic radical product, and the apparent dominance of rebound scattering dynamics. Photoinitiated reactions of Cl atoms with small alkanes, however, show broad scattering distributions, with the exception of the backward scattering observed for reaction with methane, 5 and there is some ambiguity about the level of internal excitation of the radical product. The most recent measurements on the reaction of Cl atoms with ethane suggest that ϳ20% of the available energy becomes vibrational and rotational excitation of the ethyl radical. 14 These measurements therefore challenge the widespread assumption that the radical acts as a spectator throughout the reaction, and thus that the reactions can be well modeled by treating the polyatomic molecule as a pseudodiatomic molecule. Suits and co-workers 13 proposed a model to account for the internal excitation of the radical, in which the H-atom transfer is sufficiently rapid to project the structure of the polyatomic molecule onto the product radical, leading to product vibration. Rudić et al. 10, 11, 15, 16 and Murray et al., 17 in a series of experimental and theoretical studies, have explored the role of functional groups in the polyatomic reagent and report evidence for enhanced rotation of HCl products from the reactions of Cl atoms with CH 3 X ( -X ϭ -OH, -OCH 3 , -CH 2 OH,-NH 2 , -F,-Cl,-Br, and -I͒ because of anisotropic post-transition state interactions between the dipolar HCl and radical fragments. The experiments reveal a clear linear correlation between the dipole moment of the radical product and the average rotational angular momentum quantum number of the HCl. In addition, the calculations demonstrate that for the ethane and methanol reactions, ϳ95% of the radical internal energy is, on average, accounted for by rotational motion, with little or no vibrational excitation. In this paper, we describe measurements of the angular scattering distributions of the HCl products of two reactions ͓Cl denotes the ground spin-orbit state of the atom, Cl( 2 P 3/2 )], using velocity map imaging detection of vibrationally ground state HCl(vϭ0,J) in a range of specific rotational levels labeled by the rotational quantum number J. The experiments use a crossed molecular beam arrangement with photolytic production of the chlorine atoms, configured so that the center-of-mass frame velocity vectors of the HCl can be determined directly from the accumulated images. 18 The angular distributions of reaction products vary smoothly with degree of rotational excitation of the HCl and are compared with the outcomes of similar measurements for reactions of Cl( 2 P) and O( 3 P) reactions with alkanes.
II. EXPERIMENT
The experimental apparatus, located at the Ultraviolet Laser Facility ͑ULF͒ on Crete, consists of a velocity map imaging spectrometer, shown schematically in Fig. 1 , and two pulsed ultraviolet laser systems. The main elements of the spectrometer have been described in detail elsewhere, 18 so we concentrate here on the details most relevant to the studies of reactive scattering for reactions ͑1͒ and ͑2͒.
Experimental investigations of reactive scattering with quantum state resolution using skimmed crossed molecular beams are prone to very low signal levels. The approach adopted in the current study uses a photolytically generated beam of Cl atoms that intersects an unskimmed beam of the organic co-reagent, diluted in helium. This method ensures sufficient densities of the atomic and molecular reagents to give enough product HCl molecules to probe quantum state specifically using 2ϩ1 resonance enhanced multiphoton ionization ͑REMPI͒ detection. Mixtures of 50% Cl 2 /He and either 60% CH 3 OCH 3 /He or pure methanol vapor were expanded through separate pulsed nozzles positioned parallel to one another with their central orifices 19 mm apart. The velocities of the two unskimmed gas flows were close to being matched, as verified using a fast ion gauge. About 5 mm downstream of the Cl 2 /He nozzle, the gas expansion was intersected by a perpendicularly propagating UV ( ϭ355 nm) laser beam. The laser was linearly polarized parallel to the gas flow direction ͑taken to be the Z axis in the Cartesian coordinate scheme defined in Fig. 1͒ so that a cloud of Cl atoms, formed almost exclusively in their ground spin-orbit state with velocities characterized by a spatial anisotropy parameter 19 ␤ϭϪ1 and a near-single recoil speed in the moving reference frame of the gas jet, expanded outwards from the laser focus. The Cl atoms traveling with laboratory frame velocities near to the downward vertical axis (X) crossed the CH 3 OR gas pulse and reaction ensued. Under the conditions of the experiments, the mean free paths of reagents and products are estimated to be greater than the diameters of the gas jets. This was verified by images of Cl atom velocity distributions from the photolysis of Cl 2 which are identical whether or not the CH 3 OR gas pulse is switched on. The product HCl was probed by resonant absorption of two UV photons (ϳ241 nm) and subsequent ionization by a third photon, all from a second laser pulse time delayed from the first. The ionization laser passed through the reaction chamber in a direction parallel to the photolysis laser ͑the Y axis͒, but was displaced vertically along X by ϳ18-19 mm, and with a horizontal offset ͑along Z) of ϳ5 mm downstream to compensate for the beam velocities in the laboratory frame and thus the distance the gases travel in the time between laser pulses. The lasers were focused gently into the reaction volume using f ϭ300 mm ͑photolysis laser͒ and f ϭ250 mm ͑probe laser͒ focal length lenses, resulting in Cl 2 photolysis and HCl ionization along short ͑ap-proximately 1 mm͒ stripes rather than at single points.
The time delay between the two lasers was increased slowly in 100 ns steps from 9.8 to 13.8 s as the image accumulated to minimize any experimental bias towards forward or back scattered products because, on average, the latter take longer to reach the detection laser. 18 In addition the wavelength of the probe laser was scanned across the Doppler profile of the absorption line to detect all product velocities equally. The starting time delay of 9.8 s was chosen to be smaller than the minimum time for forward scattered HCl products with maximum possible laboratory frame velocities to reach the probe laser volume. The delay was increased until no further reactive signal was observed at points on the image displaced from the time-of-flight axis. Even at these long time delays, the separation of the two expansions, their low densities and the long mean free paths ensure that secondary collisions of the nascent HCl products are negligible.
The HCl ϩ ions formed by the REMPI detection scheme were extracted parallel to the Z axis by electrostatic plates configured for velocity mapping 20 detection, and the detection system was time-gated to detect signals from arrival of H 35 Cl ϩ ions. The experimental design constrains the velocity vector of the center of mass ͑CM͒ to lie along ͑or near to͒ the central vertical axis of a microchannel plate and phosphor screen imaging detector located 560 mm from the lasers in the direction of propagation of the two gas pulses. Images were accumulated using a CCD camera ͑Cohu 4910, using EyeSpy Software by k-Space Associates͒ to record the (X,Y ) positions of ion impacts, registered as light emission from the phosphor screen. Each image was the result of averaging of between 1200 and 2000 laser shots depending on the signal intensity. Background scans were obtained with the photolysis laser blocked and were subtracted from the images of reactive signals. Data were velocity calibrated by accumulating images of Cl atoms with known speeds from Cl 2 photolysis. The radii and angular distributions of rings within the calibration images were unaffected by whether the beam of organic molecules was turned on or off.
The gas samples were delivered to the pulsed nozzles using separate gas-handling lines to avoid rapid build up of HCl contamination. Some HCl impurity within the Cl 2 gas, and further HCl formation in the Cl 2 gas-handling line were completely eliminated by addition of ϳ2% F 2 to the Cl 2 /He gas mixture.
With the various described procedures, and the precautions taken against experimental bias, the differential cross sections derived directly from fitted velocity-map images should require no significant corrections for experimental artifacts. Two tests were performed to verify this assertion: First, a Monte Carlo computer simulation of the key features of the experiment was constructed and run, with an input distribution of center-of-mass frame polar and azimuthal scattering angles selected randomly from uniform functions. A similar approach has been implemented by Suits and coworkers in their imaging studies of the reactions of O atoms with alkanes. 13 The simulation, which accounted for the spatial separations of the molecular and laser beams, the stepping of the time interval between the laser pulses, the spatial anisotropy and magnitude of the Cl atom velocities, the likely kinetic energy of the HCl products, the volumes sampled by the photolysis and probe lasers, and other relevant parameters, returned at most only a very weak bias towards detection of backscattered reaction products. It also successfully demonstrated the previously reported bias towards forward scattered products at short time delays between the lasers, changing to preferential detection of backscattering at longer time delays, 18 with no overall distortion if all reasonable time intervals between the laser pulses are sampled. The second validation method involved a careful comparison of differential cross sections derived from the experiment for the reaction of Cl atoms with ethane 18 with those obtained from a photoinitiated reaction within a single pulsed gas expansion of a Cl 2 /C 2 H 6 /He gas mixture conducted in the same imaging apparatus ͑using the so-called ''photoloc'' method͒.
14 Quantitative agreement is obtained from the two methods, for detection of a variety of rotational levels of the HCl for scattering angles less than 120°. At larger scattering angles, the photolytic crossed beam method used in the current study shows a greater backward scattered signal than the single-beam method, but the disagreements are minor. The overall good agreement between the two data sets confirms that direct analysis of the images accumulated using the current method is reliable for extraction of differential cross sections for the chlorine atom reactions, provided time-stepping of the delay between the laser pulses is carefully implemented.
III. RESULTS
Under the conditions of Cl 2 photolysis at 355 nm, the mean collision energy of the reagents is 5.6 kcal mol Ϫ1 for reaction ͑1͒ and 6.7 kcal mol Ϫ1 for reaction ͑2͒ in the centerof-mass frame, and the center-of-mass and relative velocities of the reagents lie nearly parallel to the central axis of the position sensitive detector (X). The distributions of collision energies have not been experimentally characterized, but at worst will resemble those for hot-atom reactions initiated by photodissociation in a thermal gas. 21 At the low temperatures of the gas expansions, we estimate a width to the collision energy distributions of Ϯ1.1 kcal mol Ϫ1 . Representative images are shown in Fig. 2 for reactions ͑1͒ and ͑2͒, and for HCl formed in vϭ0 and Jϭ2 or 5. The images demonstrate one advantage of the technique: changes in the angular distribution of HCl for different J levels are immediately apparent, and there is a clear tendency towards greater backward scatter as J increases.
The regions of the image corresponding to backward scattered products are prone to strong background signals from contaminant HCl in the Cl 2 beam if 2% F 2 is not added to the Cl 2 gas mixture, and in the case of CH 3 OCH 3 studies, from fragmentation of the parent molecule when exposed to the UV laser pulses. In addition, reaction products formed with low laboratory frame velocities upstream of the detection zone might be entrained in the gas expansion. With careful elimination of HCl from the gas-handling lines and the background subtraction methods, however, the backscattering region can be analyzed for reaction ͑1͒ and full differential cross sections obtained. Subtraction of the laser-induced fragmentation of the dimethyl ether, however, leaves clear bites missing from the backward hemispheres in all images, and thus the small region of scattering angles greater than 155°cannot be analyzed with confidence for reaction ͑2͒.
A. Differential cross sections
Images can be analyzed using two separate methods corresponding to different assumptions about the distribution of HCl velocities that is detected. The first method employs the standard Abel transform procedure to reconstruct the 3D velocity distribution of nascent HCl(vϭ0,J) reaction products from the 2D image by exploiting the cylindrical symmetry about the vertical axis of the image ͑corresponding to the relative velocity vector͒. The second method assumes that only a central slice of the expanding HCl cloud is detected by state-selective REMPI as it passes through the laser focal region. The angular variation of this central slice can then be directly fitted to extract a differential cross section without further image reconstruction. The supposition that this method is valid, even without the deliberate use of timeslicing imaging methods, is based upon the formation of Cl atoms along a ͑short͒ line of intersection of the photolysis laser focal volume and the unskimmed Cl 2 /He gas expansion. Simulations show that the laboratory frame velocities of Cl atoms must be tightly constrained nearly parallel ͑to within 10°) to the line connecting the foci of the two lasers in order to form HCl products that successfully scatter into the probe laser focal region. The probe laser thus intersects different points on the Newton spheres of HCl products formed at different times, at different distances along X, and with different velocities, but at a very restricted set of Z coordinates. These points of intersection are thus distributed on narrow annuli on the surfaces of the spheres because of the constraints of the experimental photolysis and probe geometry. In either case of data analysis method, angular scattering information can be derived straightforwardly from the angular distribution in the image and the two methods give almost identical results. Figure 3 shows the results of analysis of angular information in the images, plotted separately for reactions ͑1͒ and ͑2͒ as the probability of scattering for different CM frame angles, , between the relative velocity vectors of the reagents and products. The angles are chosen such that ϭ0°corresponds to forward scattering of the HCl, parallel to the velocity vector of the Cl atom reactant beam. Data presented are obtained from a direct analysis of the angular distribution in the image, without Abel inversion ͑i.e., with the assumption that a central slice has already been extracted from the data because of the spatial and temporal configurations of the laser pulses͒. The plots show HCl(vϭ0,J) differential cross sections for values of J ranging from 2 to 5. In all cases, the angular distribution is broad, with scattering into both backward and forward hemispheres, much as is observed for the reaction of Cl atoms with ethane. 6, 14 9 in the angular regions from 45°to 180°, where the two data sets overlap, despite concerns ͑see Sec. II͒ that the current experimental method might marginally favor detection of backward scattered products.
The results obtained by Ahmed et al. by ionization and velocity imaging of the CH 2 OH radicals from reaction ͑1͒ showed a strongly backscattered peak, from which direct, rebound dynamics were inferred, but were blind to radical products scattered at CM frame angles ͑defined in their experiments with respect to the CH 3 OH relative velocity vector͒ less than 45°. In our experiment, these forward scattering angles show a pronounced peak in the HCl velocity distribution. As is discussed in Sec. IV, however, the forward/backward scattering pattern is not thought to be indicative of a long-lived complex formed by addition of the two reagents.
B. Product kinetic energy distributions
The radial distributions of intensity within the images can be analyzed to obtain kinetic energy distributions of the reaction products, and, as above, images were analyzed directly without use of an inverse Abel transform or equivalent reconstruction method. The velocity map imaging method gives a linear relationship between radial coordinate on the image and nascent velocity of the detected particle. 20 A calibration of image radii using the known speeds of Cl atoms from the photolysis of Cl 2 ͑1678 m/s for 355-nm photolysis͒ is thus sufficient to convert distances from the center of the image, measured as a number of pixels, to HCl recoil speeds. In the center-of-mass frame for reaction ͑1͒ the Cl atoms have speeds of 801 m/s, and for reaction ͑2͒ the Cl atom speeds are 953 m/s. These speeds give conversion factors in the images of 6.7 and 7.6 m/s per pixel for the respective conditions used to study reactions ͑1͒ and ͑2͒. The distributions of HCl CM frame speeds show some variation with scattering angle, but those for reaction ͑1͒ from images obtained for different HCl(vϭ0,J) rotational levels are indistinguishable by eye, and those for reaction ͑2͒ show only a very small shift towards lower product speeds as J increases. From the calibrated images for HCl(vϭ0,Jϭ3), the derived total kinetic energy distributions, averaged over all scattering angles for the HCl and CH 2 OR ͑RϭH or CH 3 ) reaction products are shown in Fig. 4 . The mean product translational energy for reaction ͑1͒ is 4.9 kcal mol Ϫ1 , and that for reaction ͑2͒ is 5.6 kcal mol Ϫ1 . For comparison, images for reaction ͑1͒ analyzed after inverse Abel transform reconstruction of the 3D velocity distribution give a kinetic energy distribution slightly shifted to higher values, with a mean of 5.7 kcal mol Ϫ1 . As an illustration of the weak J dependence of the kinetic energy release from reaction ͑2͒, analysis of the HCl(vϭ0,Jϭ5) images gives an average value of 5.1 kcal mol Ϫ1 . At respective mean collision energies of 5.6 and 6.7 kcal mol Ϫ1 and reaction exothermicities of Ϫ7.7 and Ϫ6.7 kcal mol Ϫ1 the mean fractions of available energy going to product translation for reactions ͑1͒ and ͑2͒ are determined to be f T ϭ0.37 and 0.42. In general, the sidewaysscattered HCl has a slightly lower average speed than forward scattered HCl, and the backward scattered products have significantly greater kinetic energies. For example, for the HCl(vϭ0,Jϭ3) products of reaction ͑1͒, the mean product kinetic energies are 5.0 kcal mol Ϫ1 for CM frame scattering angles from 0 to 10°, 4.4 kcal mol Ϫ1 for 85°to 95°, and 6.6 kcal mol Ϫ1 for 170°to 180°. For the reaction of Cl atoms with methanol, the measured fraction of the available energy which becomes product translation can be compared with a previous determination by Ahmed et al. 9 at a higher mean collision energy of 8.7 kcal mol Ϫ1 . A fraction f T ϭ0.37 ͑corrected from the value of 0.39 cited in Ref. 9 for our preferred value for the reaction exothermicity͒ was obtained in these experiments which measured the kinetic energy distribution of the CH 2 OH radicals by imaging of these products of reaction within crossed, skimmed molecular beams. The kinetic energy distribution plotted in Fig. 4͑a͒ is very similar to that measured by Ahmed et al. although we observe a longer tail of high kinetic energies, some of which extend beyond the limit of available energy calculated from the reaction exothermicity and the mean collision energy, most probably because of a broad spread of collision energies in the experiments exploiting unskimmed gas expansions. The outcomes of the two independent sets of measurements probing the different reaction products are, overall, in excellent agreement.
In a recent study, Rudić et al. 16 reported the outcomes of direct dynamics classical trajectory calculations of the reaction of Cl atoms with methanol, initiated at the transition state geometry, and using ab initio potential energies and gradients computed on-the-fly. Batches of 2000 trajectories were run using the HF/6-31G level of electronic structure theory for the potential energy terms, and a further, smaller batch of 270 trajectories was propagated using the more computationally expensive MP2/6-311G(d,p) level of theory. At the HF/6-31G level, the fraction of available energy becoming product translation was 0.42, and at the MP2/6-311G(d,p) level the computed fraction was 0.35, also in very satisfactory agreement with the experimental results.
The mean rotational energy of the HCl products of reaction ͑1͒ has been measured to be 0.93 kcal mol Ϫ1 under experimental conditions of collision energy very similar to those employed in the current study, with reaction ͑2͒ giving almost identical results. 10 In these earlier experiments, no signal from HCl(vϾ0) was observed and the HCl was thus deduced to be formed predominantly in vϭ0, as confirmed by direct measurements of the HCl vibrational distribution by Taatjes and co-workers, 22 who obtained a fraction of HCl(vϭ1) of 0.12Ϯ0.02. Using this fraction of HCl(v ϭ1) to estimate the mean HCl vibrational energy, the average portion of the available energy that becomes internal excitation of the CH 2 OR co-product can be deduced as the balance of the total energy, giving f int (CH 2 OH)ϭ0.49 ͑or 6.5 kcal mol Ϫ1 ) and f int (CH 2 OCH 3 )ϭ0.46 ͓6.1 kcal mol Ϫ1 , by assuming the same HCl vibrational content as for reaction ͑1͔͒. The former outcome is almost identical to the fractions predicted by the direct dynamics trajectory calculations. 16 Based on the results of the trajectory calculations, we attribute the vast majority of the radical internal energy to rotational motion caused by the torque about the center of mass of the radical as the H atom is transferred, rather than vibrational excitation above the zero-point energy level.
IV. DISCUSSION
The measured angular distributions of velocities of HCl from reactions ͑1͒ and ͑2͒ exhibit similar, but less pronounced trends to the observed scattering of HCl(vϭ0,J) products from the reactions of Cl atoms with ethane and n-butane: 7, 14, 18 the broad angular distributions of HCl show a shift to reduced forward scatter and greater backwards and sideways scatter as the rotational excitation of the HCl increases. The broad scattering distributions and their variation with J can be understood from the wide range of impact parameters that lead to successful reaction for these and the H-atom abstraction reactions of alkanes other than methane, together with nonimpulsive transfer of a hydrogen atom. ͑reagents, molecular complexes, transition states, and products͒ for reactions ͑1͒ and ͑2͒ as well as for the reactions of Cl atoms with methane and ethane, the latter chosen as a representative alkane, with methane exhibiting atypical behavior. The energies were calculated at the G2//MP2/ 6-311G(d,p) level of theory, as defined in Ref. 10 , and include zero-point vibrational energies. Reactions of Cl atoms with ethane ͑and higher alkanes͒, methanol, and dimethyl ether have minimum energy pathways characterized by a transition state computed to be lower in energy than the separated reagents, but located at a saddle point on a barrier lying higher in energy than a weakly bound prereaction complex. 10, 16 For the reaction of Cl atoms with ethane, we calculate a barrier that is 1.1 kcal mol Ϫ1 below the energies of separated reagents. The two vibrational motions describing the transition state Cl-H-C bending motion have computed frequencies of 117 and 172 cm Ϫ1 , suggesting low values of the bending force constants and thus ease of deformation from the collinear minimum energy geometry. At the same level of theory, the transition states for reactions ͑1͒ and ͑2͒ lie lower in energy than the separated reagents by, respectively, 2.0 kcal mol Ϫ1 and 3.3 kcal mol Ϫ1 . The bending frequencies of the TS for reaction ͑1͒ are calculated to be 66 and 165 cm Ϫ1 . In these various reactions, attack by Cl at a C-H bond at angles well away from the near-collinear minimum energy pathway is energetically feasible and abstraction reactions at large impact parameters with respect to the C-H moiety should be commonplace, resulting in a range of product scattering angles. In a hard-sphere scattering model, scattering angles tend towards 0°͑forward scatter͒ as the impact parameter increases, and the successful application of such a model to describe the differential cross sections measured for vibrationally excited CH 4 ͑with the vibrational energy surmounting the activation barrier͒ and for other alkanes has been discussed previously. [5] [6] [7] [8] Conversely, the transition state for reaction of Cl with methane in its ground vibrational level lies at the top of a barrier calculated to be 4.5 kcal mol Ϫ1 with respect to reagents, and the higher Cl-H-C bending frequencies ͑a degenerate pair, with computed frequencies of 353 cm Ϫ1 ) indicate a potential energy function that rises much more rapidly with displacement from linearity. The consequence of these two factors is to constrain the reaction of Cl atoms with methane to small impact parameters. Our calculations of the minimum energy pathways for reactions ͑1͒ and ͑2͒ indicate the presence of a shallow well on the PES after the TS. In both cases, the well depth is ϳ10 kcal mol Ϫ1 with respect to the energy of the reagents, and 3.5-4.4 kcal mol Ϫ1 below the asymptote corresponding to separated products. The shallow nature of the well means it is unlikely to support long-lived complexes, and this assertion is borne out by fully dimensional direct dynamics trajectory calculations with ab initio potential energies and gradients computed on the fly, which show only direct scattering behavior and reaction time scales shorter than the rotational periods of such complexes. 16 The broad forward, backward, and sideways scattering distributions observed experimentally are thus not believed to be a consequence of long-lived or osculating complexes, but instead are attributed to the reaction at a range of impact parameters.
In previous discussion of the extent of rotational excitation of forward vs sideways and backward scattered HCl products from the reaction of Cl atoms with alkanes, the more rebound type dynamics, and thus greater repulsion ͑re-quired to reverse the velocity of the large Cl atom͒ in the interaction associated with backward scattered products was argued to give rise to greater HCl rotation. 7 Large impact parameter H-atom abstractions with stripping type behavior, conversely, were argued to occur with little repulsive energy release because the Cl atom velocity is largely unperturbed by the collision, and resulted in lower product rotation. The rotational level resolved DCSs for the reaction of Cl atoms with ethane illustrate clearly the predominance of forward scattering for the low-J (Jр4) HCl molecules that are the most abundant products. 14, 18 The same arguments may apply to reactions ͑1͒ and ͑2͒ up to a point, but, unlike these cases, the reactions of Cl atoms with alkanes are dominated by formation of HCl in very low rotational levels. We recently sought to justify the much greater average rotation of the HCl products of reactions of oxygenated organic molecules in terms of post-transition-state dipole-dipole interactions between the very polar HCl and RCHORЈ ͑R,RЈϭH or CH 3 ) products as they separate. 10, 16 At the MP2/6-311G(d,p) level of electronic structure theory, we calculated dipole moments for the CH 2 OH and CH 2 OCH 3 radicals, respectively, of 1.55 D and 1.36 D. Our direct dynamics trajectory calculations are not yet adapted to simulate differential cross sections so, at present, we can only speculate about the origins of the observed J-level resolved scattering behavior.
The broad scattering angle distributions for reactions ͑1͒ and ͑2͒, much as for reactions of Cl atoms with ethane, 7, 14 are most likely to be a consequence of direct mechanisms via a loose transition state, with a wide range of impact parameters contributing to the abstraction of H atoms, as argued above. Recent reinvestigations 14, 18 of the dynamics of the reaction of Cl atoms with ethane revealed greater forward scattering of HCl than we observe for the two reactions studied here, plausibly as a consequence of two factors: First, the nascent HCl is restricted almost exclusively to very low rotational levels, with Jϭ0 -2 accounting for the vast majority of the products. Second, the structure of the ethane molecule ensures few steric restrictions on the relative orientations and attack angles of the reagents. For reaction ͑1͒, the presence of the nonreactive OH group must restrict the reagent orientations that lead successfully to the reaction, and thus may inhibit certain approach geometries that might otherwise result in forward scatter. Dimethyl ether, however, more closely resembles ethane in the sense that there are reactive H-atoms at both ends of the molecule, and the DCSs we measure for reaction ͑2͒ are more similar to those reported for the reaction of Cl atoms with ethane.
The incipient HCl molecules that form just after the transition states for reactions ͑1͒ and ͑2͒ may well behave in a similar fashion to those formed from alkane reactions, showing a tendency towards greater, but still small, values of the asymptotic rotational angular momentum for low impact parameter collisions associated with backward scattering. The long range, dipole-dipole interactions can, however, perturb the rotational angular momenta of nascent HCl beyond the part of the potential energy surface where the angular scattering is determined. Thus, we speculate that the strong dipole-dipole interaction for reaction ͑1͒ may serve to reduce the J-dependence of the differential cross sections, resulting in only the weak measured bias towards forward scatter of lower J levels and backward scatter of higher J levels. For reaction ͑2͒, the J-dependence of the angular scattering is more pronounced, though apparently still less dramatic than for reaction of Cl atoms with ethane and n-butane, but the CH 2 OCH 3 radical is computed to have a smaller dipole moment than CH 2 OH and reaction ͑2͒ gives somewhat lower rotational excitation of the product HCl than does reaction ͑1͒.
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Other factors that depend upon the impact parameter and that might affect the degree of HCl rotation include the time scales for the reactive encounters ͑and hence the effects of reorientation by angularly anisotropic potentials͒, which will plausibly be shorter for stripping than for rebound dynamics, the closeness of approach of the Cl atom to the framework of the organic molecule, and the relative orientations and proximities of the dipoles of the nascent HCl molecule and CH 2 OR radical prior to separation. Direct dynamics calculations with nonzero impact parameters, combined with animation of reactive trajectories, should shed considerable light on the significance of these effects. We already know from our trajectory calculations for reaction ͑1͒ at constrained, low values of the impact parameter, that zero-point bending motions of the Cl-H-C part of the transition state strongly influence the width of the rotational level distribution of the HCl products, but have less effect on the mean value of the distribution. 16 This outcome suggests that the rotation induced by dipole-dipole interactions is either reinforced or opposed, depending upon the phase of the Cl-H-C bending motion. Large impact parameter collisions may sample greater bend angles of the Cl-H-C group and consequently affect the asymptotic HCl rotational angular momentum.
V. CONCLUSIONS
Crossed molecular beam and velocity map imaging measurements of the CM frame differential cross sections for the HCl(vϭ0,J) products of reactions of Cl atoms with methanol and dimethyl ether reveal broad angular distributions of product recoil velocities. The distributions show some propensity for greater forward scatter of HCl formed in lower rotational levels, and a shift towards backward scattering for increasing rotational angular momentum up to Jϭ5. The results are thus qualitatively similar to those reported for reactive scattering of Cl atoms with small alkanes such as ethane and n-butane. The J-dependent trend is, however, much less pronounced for the products of reaction of Cl atoms with methanol. The scattering distributions can be accounted for by direct reaction dynamics at a range of impact parameters, made energetically possible because the transition states lie lower in energy than the reagents and the barrier heights vary only weakly with angle of approach of the reagents. We suggest that the weak J-dependence of the differential cross sections for the products of reaction of Cl atoms with methanol may, in part, be a consequence of long-range dipole-dipole interactions affecting the rotational angular momentum of the HCl products well beyond the interaction range at which scattering angles are determined.
The reactions of Cl atoms with methanol and dimethyl ether deposit large fractions (ϳ46% and 49%, respectively͒ of the available energy into internal motions of the products, consistent with the predictions of recent direct dynamics trajectory calculations. Much of this internal energy is likely to be accounted for by rotational excitation of the radical CH 2 OH or CH 2 OCH 3 product.
